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population	 is	modeled	with	discrete	 time	 steps.	Using	both	 theoretical	 and	 real-	
world	examples,	we	show	how	common	elements	recur	across	species	with	dispa-
rate	 movement	 strategies	 and	 how	 they	 can	 be	 combined	 under	 a	 unified	






standing	 of	 population	 dynamics	 and	 has	 practical	 management	 applications,	
including	understanding	the	 impact	of	perturbations	on	population	size,	distribu-
tion,	 and	movement	patterns.	By	working	within	 a	 common	 framework,	 there	 is	
less	 chance	 that	 comparative	 analyses	 are	 colored	 by	model	 details	 rather	 than	
general	principles.














acts	with	 spatiotemporal	 changes	 in	 local	 conditions	 (Kubisch,	Holt,	
Poethke,	&	Fronhofer,	2014).
Mathematical	models	have	contributed	to	understanding	the	pro-
cesses	 driving	 spatiotemporal	 population	 dynamics	 (Brown,	 1984;	
Collins	 &	 Glenn,	 1991;	 Gaston	 &	 Lawton,	 1990;	 Keeling,	Wilson,	 &	

















dynamics,	 molecular	 biology,	 landscape	 ecology,	 and	 conservation	
biology	 (Minor	&	Urban,	 2008;	 Proulx,	 Promislow,	&	 Phillips,	 2005;	












































associated	with	 specific	 attributes.	 For	 example,	 there	 could	 be	 a	
cost	 (decreased	survival)	 to	move	along	an	edge	that	 is	associated	
with	a	specific	attribute	of	the	edge	(e.g.,	length	or	distance).	Edges	
can	 also	 be	 directed,	 indicating	 a	 direction	 of	movement	 between	
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connectivity,	dispersal,	metapopulations,	migration,	models,	networks
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as	Nj,t.	Thus,	 for	all	 j ∈ {1,…,n},	 the	population	size	of	a	node	at	 time	




























after	 demographic	 updates,	 that	 is	 fi,t.	More	 complex	 dependencies	







































Mij,t = sij,t pij,t fi,t The	total	number	of	individuals	traveling	along	the	edge	from	node	i	to	j	at	time	t
TABLE  1 Model	variables	and	functions
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The	 function	 sij,t	 of	Equation	4	 is	 the	probability	 that	 individuals	
moving	along	the	edge	from	node	i	to	node	j	will	survive	during	time	
step	 t.	This	 survival	 probability	 can	be	 a	 function	of	 the	population	







If	 the	 population	 being	 modeled	 has	 multiple	 classes,	 then	














	 and	 class-	specific	 node	 and	 edge	 characteristics.	 For	 exam-




season	or	1	year.	Furthermore,	 the	 length	of	 the	 time	step	can	vary	
within	a	given	model;	 time	steps	do	not	need	to	be	equal	 in	 length.	
The	length	of	the	time	step	is	determined	by	the	life	history	and	major	
stages	of	the	annual	cycle	of	a	species.	For	example,	for	a	typical	North	





migration.	 Parameters	 need	 adjustment	 to	 reflect	 the	 underlying	















The	model	 also	 has	 the	 flexibility	 to	 specify	 carryover	 effects,	
which	 are	 events	 or	 processes	 that	 occur	 in	 one	 time	 period	 but	
have	nonlethal	 effects	 on	 individuals	 in	 the	 following	 time	period	
(Harrison,	Blount,	Inger,	Norris,	&	Bearhop,	2011;	O’Connor,	Norris,	










2.3.2 | Features in the proportional movement  
function











The	model	 also	 has	 the	 capability	 to	 incorporate	 adaptive	 path	
switching,	 capturing	 the	 ability	 of	 individuals	 to	 choose	 movement	
















2.3.4 | Specifying the model for particular 
movement strategies
Our	modeling	 framework	can	be	adapted	to	a	variety	of	mobile	or-
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complete	 migration,	 seasonal	 partial	 migration,	 “stepping-	stone”	
migration,	and	nomadism	(Figure	1).	We	recognize	that	these	strat-
egies	 are	 not	mutually	 exclusive;	 individuals	 of	many	 species	may	








set	of	breeding	nodes	and	VNB = V −	VB	as	the	set	of	nonbreeding	nodes.	
Therefore,	node	 i ∈ VB,	 refers	 to	a	breeding	node,	 i ∈ VNB	 refers	 to	a	
nonbreeding	node,	and	i ∈ V	refers	to	a	node	of	any	type	in	the	network.
2.4 | Spatially structured population types
2.4.1 | Metapopulation
In	 its	 most	 basic	 form,	 the	 modeling	 framework	 can	 represent	 a	
metapopulation,	where	 fi,t	 represents	 reproduction	and	survival	 in	
a	node.	During	a	time	step,	 the	portion	of	 the	population	that	re-
mains	 in	 each	 node	 is	 represented	 by	 a	 self-	loop	 in	 the	 network	
structure.	Thus,	 if	 some	 individuals	 in	node	 i	 remain	 there	 for	 the	
next	time	step,	then	pii,t	 is	nonzero	and	sii,t	 is	the	resident	survival	
rate.	In	the	same	time	step	t,	a	portion	of	individuals	may	disperse	
to	 other	 nodes,	 such	 that	pij,t	 is	 nonzero	 for	 i ≠ j.	 Survival	 during	
dispersal	is	sij,t.	For	a	typical	metapopulation,	all	nodes	are	breeding	
nodes	(V = VB),	and	dispersal	to	other	nodes	 is	 infrequent.	That	 is,	
the	proportion	of	the	population	that	are	residents	is	usually	close	
to	one	(pii,t	~	1	for	all	 i),	and	the	proportion	of	the	population	that	
disperses	to	other	nodes	 is	close	to	zero	(pij,t ≪	1	for	 i ≠	j)	 for	any	
given	time	step.
There	 are	 numerous	 examples	 of	 species	 that	 typically	 occur	
in	 metapopulations,	 including	 Drepanotrema depressissimum	 (tropi-
cal	 freshwater	snails;	Lamy	et	al.,	2013), Tetrax tetrax	 (little	bustards;	
Bretagnolle	 &	 Inchausti,	 2005),	 and	 Lithobates sylvaticus	 (wood	
frogs;	 Peterman,	 Rittenhouse,	 Earl,	 &	 Semlitsch,	 2013),	 although	
species	 recognized	 as	 having	 a	 “classic	 metapopulation”	 structure	
are	 rare	 (Fronhofer,	 Kubisch,	 Hilker,	 Hovestadt,	 &	 Poethke,	 2012).	
Metapopulations	 can	 be	modeled	many	ways	 using	 our	 framework,	
such	 as	making	 nodes	 ephemeral	 by	 disallowing	 any	 survival	 or	 re-




















nonzero	only	if	i ∈ VB	and	j ∈ VNB).	The	second	time	step	begins	during	
the	nonbreeding	season	and	ends	with	subsequent	migration	back	to	




For	 a	 seasonal,	 partial	 migratory	 pattern,	 year-	round	 residents	 and	
migratory	 individuals	 occur	 in	 one	 or	more	 nodes.	 Species	 such	 as	










i ∈ VB	and	 j ∈ VNB).	The	second	time	step	begins	 in	the	nonbreeding	
season	and	ends	with	 the	migratory	 individuals	moving	back	 to	 the	
breeding	nodes	(i.e.,	pij,2	is	nonzero	for	some	i ∈ VNB	and	j ∈ VB).	Partial	





terns.	 In	 this	 example,	 we	 illustrate	 a	 “stepping-	stone”	 migration	
system.	 In	 this	pattern,	 individuals	 travel	 through	a	series	of	nodes,	
one	by	one	throughout	their	annual	cycle.	Many	migratory	bird	spe-
cies	follow	a	stepping-	stone	pattern,	as	 individuals	stop	to	refuel	at	




For	 the	 example	 stepping-	stone	 network	 illustrated	 in	 Figure	1,	
there	is	directed	movement	between	successive	breeding	nodes	fol-
lowed	by	movement	to	a	nonbreeding	node	within	one	annual	cycle.	
Only	one	edge	 is	used	per	 time	step.	That	 is,	migration	only	occurs	


































plying	 it	 to	 four	example	species	 showing	a	wide	 range	of	 life	histo-
ries,	movement	patterns,	and	carrying	capacities.	Our	examples	include	





their	 network	 structure.	 Details	 are	 provided	 here	 on	 how	 the	 four	
models	were	parameterized.	A	full	description	of	each	model,	as	well	
as	additional	model	 results,	 can	be	 found	 in	Appendix	S2.	General	R	
code	(version	3.2.1)	was	created	for	the	general	network	framework	of	
Equation	1	and	then	adapted	for	each	of	the	four	examples.	The	code	





endangered	annual	plant	 that	occurs	 in	Spain,	Portugal,	 and	France	
(Noël,	Machon,	&	Robert,	2013).	The	plant	grows	only	 in	ponds,	re-
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Carrying	capacity 800 5,500,000 3600 Unknown
Key	reference Noël	et	al.	(2013) Mattsson	et	al.	(2012) Middleton	et	al.	(2013) Flockhart	et	al.	(2015)
















Seed	 survival	 rates,	 sS
i,t
= 0.7,	 are	 constant	 across	 seasons	 and	
identical	across	nodes,	Ri,t	is	the	reproductive	rate	of	plants	producing	































































































































Europe,	 and	Asia	 and	winters	 close	 to	 the	 equator.	 Some	 individu-
als	 use	 a	 stopover	 site	 during	 spring	 migration.	 We	 illustrate	 how	
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the	 sex-	specific	 and	 age-	structured	 model	 for	 the	 North	 American	
population	presented	 in	Mattsson	et	al.	 (2012)	 can	be	 translated	 to	









the	 annual	 cycle	 into	 three	 time	 steps:	 breeding/fall,	winter/spring,	





















































≡ p(Ni,t,i,t,ij,t)	 and	 are	 constant	 except	 during	 the	 spring	






















































[465000,986850,160650,0,0]	 and	 zero	 population	 for	 juveniles	
(Mattsson	et	al.,	2012).	The	model	converged	to	a	steady-	state	solution	
after	 66	years,	with	 a	 breeding	 population	 of	 5.98	million	 (Figure	3b),	
which	 is	comparable	to	the	results	found	by	Mattsson	et	al.	 (2012)	 in	
the	 absence	 of	 harvest.	 Table	5	 shows	 the	 equilibrium	 population.	
Equilibrium	population	distribution	 (Table	6)	demonstrates	the	relative	
node	 importance.	The	highest	proportion	of	the	population	 is	 located	
in	AK,	CA,	 and	PR	during	 the	breeding/fall,	winter/spring,	 and	 spring	






3.3 | Cervus canadensis (Partial Migration)
Elk	 are	 large	mammals	 that	 occur	 across	North	America.	 The	 best-	
studied	populations	occur	 in,	and	adjacent	 to,	Yellowstone	National	








The	 female	 elk	 population	 is	 modeled	with	 a	 network	 of	 three	
















































, j ≠ 2














Node Summer Autumn/Winter Spring
Ponds	1	and	8 0.126 0 0.130
Ponds	2	and	7 0.124 0 0.120
Ponds	3–6 0.125 0 0.125
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mer/fall	 time	step.	The	coefficient	0.6	 represents	 the	proportion	of	
calves	that	are	female.	Given	the	above	parameterization,	the	vector	




































converged	 to	 a	 steady	 state	 after	16	years	 (Figure	3c).	The	 calf:cow	






































































surviving juveniles that do
not transition to adults























Season Adult female Adult male Juvenile female Juvenile male
Breeding/fall 2,332,055 3,651,902 0 0
Winter/spring 1,696,110 3,213,489 985,778 985,778








Node Breeding/Fall Winter/Spring Spring Stopover
AK 0.4187 0 0.3875
PR 0.3003 0 0.6125
NU 0.2810 0 0
CA 0 0.6716 0






AK PR NU CA GC
AK 0.129 0 0 0.128 0.013
PR 0.010 0.100 0.094 0.056 0.056
NU 0 0 0 0.040 0.040
CA 0.118 0.100 0 0 0
GC 0.012 0.104 0 0 0
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migratory	subpopulation	and	0.37	for	the	resident	subpopulation.	The	
calf:cow	ratio	at	the	beginning	of	winter	is	0.36	in	node	2	(migratory	







the	 pathway	 representing	 the	 resident	 population	 remaining	 in	 the	
year-	round	node	has	the	highest	flux,	so	management	actions	aimed	
at	the	resident	population	may	impact	the	highest	number	of	animals.
3.4 | Danaus plexippus (stepping- stone migration)
Each	 autumn,	monarch	 butterflies	 in	 eastern	North	America	migrate	






ing	 distribution	 in	 successive	 breeding	 generations	 until	 September.	
The	 last	 generation	 of	 monarchs	 eclose	 in	 a	 nonreproductive	 state	
(diapause)	and	migrate	south	en	masse	to	the	overwintering	colonies	






The	 female	monarch	 population	 is	modeled	 using	 a	 network	 of	
four	nodes	representing	regions	of	eastern	North	America:	Mexico	(M),	


















&	 Norris,	 2012).	 Edge	 transition	 probabilities	 of	 Equation	3,	 pij,t 
vary	across	 seasons	but	are	assumed	 to	be	constant,	not	density	
dependent,	each	year	 (Figure	2d).	Transition	probabilities	are	de-
rived	 from	Table	 S3	 in	 Flockhart	 et	al.	 (2015).	 The	 edge	 survival	
probabilities,	sij.t,	given	in	Equation	4	are	constant	for	a	given	time	





son.	 Equilibrium	 population	 distribution	 at	 the	 nodes	 (Table	12)	
shows	 the	 relative	 importance	 of	 Mexico	 and	 South	 regions,	 as	





































Yellowstone 0 0.18 0.03
Nonbreeding	migratory 0.18 0 0
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4  | DISCUSSION
We	 provided	 a	 network-	based	 framework	 that	 can	 be	 applied	 to	
metapopulations,	 a	 wide	 range	 of	 migratory	 patterns,	 and	 other	
spatially	structured	populations.	This	is,	to	our	knowledge,	the	only	
modeling	 framework	 that	 is	 flexible	 enough	 to	 accommodate	 dif-
ferent	types	of	spatially	structured	populations	(Esler,	2000;	Taylor	
&	Hall,	2012).	 It	 can	be	adapted	 to	accommodate	different	 forms	
of	class	or	age	structures,	various	forms	of	population	growth	and	
movement,	 network	 sizes,	 and	 alternative	 patterns	 of	 life-	history	
strategy.	It	can	also	include	carryover	effects	and	density	depend-
ence	 and	 can	 model	 interspecific	 interactions	 and	 environmental	







The	 flexibility	of	our	 framework	 stems	not	only	 from	 its	 ability	
to	caricature	different	types	of	populations	but	also	because	 it	can	
accommodate	varying	degrees	of	model	complexity.	In	the	simplest	
scenario,	 functions	 sij,t, pij,t,	 and	 fi,t	 are	 constant.	Covariates	 can	be	
added	to	any	of	these	functions,	for	example,	Ni,t	could	be	included	to	
model	density-	dependent	demographics.	Furthermore,	stochasticity	






Our	 common	modeling	 framework	 is	 also	 useful	 for	 comparing	
impacts	 of	 environmental	 perturbations	 among	 sympatric	 popula-
tions.	As	an	example,	when	the	Anaxyrus americanus	(American	toad)	





is	 to	 study	 interactions	 among	 different	 populations.	 Predation	 by	
Ursus arctos	(grizzly	bears)	and	Canis lupus	(wolves)	on	Cervus elaphus 
(Greater	Yellowstone	elk)	(Middleton	et	al.,	2013)	could	be	examined	
under	 our	 framework	 by	 modeling	 the	 three	 interacting	 networks.	
Model	functions	in	such	interacting	networks	can	depend	on	the	pop-
ulation	 size	and	parameters	of	 the	 interacting	 species.	For	 instance,	
the	 nodal	 update	 function	 for	 elk	may	 depend	 not	 only	 on	 the	 elk	
population	but	also	on	the	population	size	of	wolves	and	bears	at	the	
node.	This	 example	 also	 illustrates	 that	metapopulations	 (bears	 and	





Our	 modeling	 framework	 provides	 the	 opportunity	 to	 improve	
understanding	 of	 movement	 ecology	 by	 unraveling	 the	 underlining	
processes	 shaping	 spatiotemporal	 population	 dynamics.	A	 common	
demographic	framework	makes	 it	straightforward	to	 incorporate	 in-






Improved	 understanding	 of	 movement	 processes	 can	 in	 turn	
inform	many	 potential	management	 applications.	 It	 can	 be	 used,	
for	 example,	 to	model	 the	 impact	 of	 habitat	 loss	 and	 changes	 in	
migratory	flow	or	habitat	quality	along	with	other	types	of	pertur-
bations	 on	 population	 size,	 species	 persistence,	 distribution,	 and	
movement	 patterns	 including	migration.	The	 network	model	 can	
also	be	used	to	quantify	 the	per	capita	contribution	of	 individual	
edges	and	nodes	to	population	dynamics	(Runge,	Runge,	&	Nichols,	
2006).	 Network	 topology	measures	 can	 be	 used	 in	 these	 analy-
ses,	for	example,	to	examine	the	robustness	of	spatial	structure	to	
perturbations	 such	 as	 node	 removal	 (Fortuna,	 Gomez-	Rodriguez,	
&	 Bascompte,	 2006).	 Such	 considerations	 will	 no	 doubt	 prove	
crucial	 to	our	 ability	 to	 anticipate	 and	mediate	 the	 rapid	pace	of	
habitat	 fragmentation	 worldwide.	 By	 working	 within	 a	 common	











Node Winter April May June July August September
Mexico 1.000 0 0 0 0 0 0
South 0 1.000 0.690 0 0 0 0.484
Central 0 0 0.310 0.617 0.342 0.508 0.516
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